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ABSTRACT
This paper reports on an ultrastructural study of peroxisomes in infected nodule cells of Lupinus albus L. cv. Multolupa plants
grown with and without nitrate (in short-term experiments). Cytochemical localizaron of catalasc and peroxidase was performed
applying the diamino-benzidine (DAB) technique in these tissues.
The infected cclls presented a mean of seven peroxisomes, the máximum being 16 in some cells. Peroxisome shapes proved to
be fairly round or egg-shaped, with máximum and minimum diameter means of 0-35 and 0-18 ^m, respectively. They were
preferentially positioned on the cell periphery. The intense osmiophilic staining obtained by applying the DAB technique indícales
a strong catalase activity reaction in these microbodies.
The addition of nitrate (20 mol m~ 3 ) to the growing plants exerted a negativo effcct on nitrogenase activity, which diminished
by 31-6% after 5d of treatment. Severe alterations in the ultrastructure of microbodies, bacteroids, and peribacteroidal
membranes were observed.
Cytochemical data show a reduction in catalase localization in peroxisomes and an increased peroxidase activity in the cytosol.
Finally, leghaemoglobin (Lb) localization was studied in nitrate-grown plants, confirming our previous observation of a
decrease in this protein. Discussion focuses on the involvement of these results in tissue senescence of the nodules following
nitrate application.
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INTRODUCTION
Senescence processes have been traditionally associated
with variations in the enzyme levéis which protect the
tissues from toxic oxygen species (H2O2, O^, 'HO).
Among these enzymes there are superoxide dismutase
(SOD, EC. 1.15.1.1), catalase (EC. 1.11.1.6) and peroxidase
(EC. 1.11.1.7). Becana, Aparicio-Tejo, and Sánchez-Díaz
(1988) obtained indirect evidence of the accumulation
of H2O2 during legume nodule senescence. The same
authors also found a catalase decrease in the cytoplasm,
induced by NO J application to the plants. Catalase levéis
and nitrogen fixation have been shown to be positively
correlated (Francis and Alexander, 1972).
One of the nodule components highly sensitive to these
toxic oxygen species is leghaemoglobin (Lb), since oxida-
tion can affect its physiological function. Puppo and
Halliwell (1988) observed that, under '/« vitro conditions,
H2O2 oxidizes ferroleghaemoglobin to leghaemoglobin
(IV), triggering the reléase of superoxide radical (O^).
Likewise, Puppo, Dimitrijevic, and Rigaud (1982) proved
that NO^ derived from NO^ reduction oxidizes the
ferroleghaemoglobin to non-functional ferrileghaemo-
globin.
On the other hand, it is only recently that attention
has been paid to the role played by peroxisomes in the
metabolism of legume nodules. In soybean and cowpea
plants, which transport the fixed nitrogen in the form of
ureides, peroxisomes in the interstitial cells have been
studied (Newcomb, Tandon, and Kowal, 19856; Selker
and Newcomb, 1985; Webb and Newcomb, 1987). In
these peroxisomes, which are larger in size than those in
the infected cells, the final steps of ureide metabolism
take place (Hanks, Schubert, and Tolbert, 1983). In
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legumes which transport nitrogen in the form of-amides,
such as alfalfa, vetch, and pea, these large peroxisomes
do not exist in the uninfected cells of their nodules
(Newcomb, Selker, Tandon, Meng, and Kowal, 1985a).
Lupins are amide transporters (Bergersen, 1980, 1982)
and are characterized by the fact that the central part of
the nodule consists exclusively of infected cells. The
structure, morphology, position, etc. of peroxisomes in
the infected cells in Lupinus nodules are unknown. More-
over, the histochemical localization of the enzymes cata-
lase and peroxidase in the infected nodule cells has not
yet been reported, although it is well-known for the
uninfected cells (Marks and Sprent, 1974; Newcomb et
a/., 1985/7; Vaughn, 1985; Kaneko and Newcomb, 1987).
This research pursues the following aims: (1) a struc-
tural study of peroxisomes in Lupinus albus L. cv. Multo-
lupa as well as catalase localization therein; and (2) to
examine the effect of nitrate on the localization of enzyme
activity of catalase and peroxidase, and on leghaemoglo-
bin distribution.
M A T E R I A L S AND METHODS
Plañí material
Sterile germinated sceds of Lupinus albus L. cv. Multolupa were
planted (three secdling per jar) in autoclaved Leonard jars filled
with vermiculite and sand (2:1 v/v), and inoculated with Brady-
rhi-obium sp. (Lupinus) strain ISLU 16 (from San José de La
Rinconada, Agronomy Research Service, Sevilla, Spain). The
inoculum contained 109 bacteria cm~ 3 . After 1 week, the water
in the reservoir in the Leonard assembly was replaced by the
appropriate nutrient solution and about 1 week later the plants
were selected to one per pot. The growth chamber conditions
were 16/8 h light/dark cycle, at 25 °C, 70% RH and irradiance
level of 190 ^E m ~ 2 s"1 supplied by fluorescent tubes (Silvania
Gro-Lux). Potassium nitrate (20 cm3 m~3) was added to well-
nodulated plants 40 d after inoculation. The amount of potas-
sium in the controls was balanced by K2SO4 and K.C1.
Plants were harvested 5 d and 10 d after NOj addition to
the nutrient solution. Harvesting was initiated 4 h after com-
mencement of the light period.
Acetylene reduction assay
Nitrogen fixation measured as acetylene reduction assay
(ARA) was performed on nodulated roots enclosed in 100 cm3
tubes fitted with rubber stoppers (de Felipe, Fernandez-Pascual,
and Pozuelo, 1987). Gas samples were taken after 1 h and
analysed for ethylene and acetylene in a Perkin Elmer 8310 gas
chromatograph equipped with a hydrogen flame ionization
detector and a column filled with Porapak R using nitrogen as
carrier gas at a flow rate of 50 cm3 min~' .
Electron microscopy and cytochemistry
Nodules were detached from the roots and selected for a
comparable stage of development (main root nodules with
similar aspects). Small samples of nodule tissue were fixed in
2-5% glutaraldehyde in 50 mol m~ 3 Na-cacodylate buffer (pH
7-4) and vacuum infiltrated. Some of the samples were postfixed
in 1 % OsO4 (w/v) in the same buñer at 2 °C and processed for
conventional electrón microscopy.
The cytochemical localization of catalase and peroxidase was
r
carried out according to the method of Mueller and Beckman
(1978) modified by de Felipe, Lucas, and Pozuelo (1988). Nodule
samples of 3-0 mm in length were collected in 50 mol m~ 3
K-phosphate buffer (pH 6-8) and immediately fixed in 2-5%
glutaraldehyde in the same buffer for 2 h. Following fixation,
the samples were washed ( 4 x 5 min) and pre-incubated for 1 h
in the dark at room temperature in the following solution: 0-2%
(w/v) 3,3'-diaminobenzidine tetrahydrochloride (DAB, Sigma,
St. Louis, Mo., USA) in 50 mol m~ 3 2-amino-2-methyl-l,3-
propanediol (AMPD, Sigma) buffer, pH 9-0. Incubation was
performed for 1 h in the dark at 37 °C in the above médium
plus 0-02% H2O2 (v/v).
To distinguish peroxidase from catalase DAB reaction, 50
mol m ~ 3 3-amino 1,2,4-triazol (AT) was used as a catalase
inhibitor. Control test minus H2O2 or plus 10 mol m~3 KCN
in both the pre-incubation and the incubation médiums were
also carried out.
Post-incubation rinses were performed with 50 mol irT3
AMPD, pH 9-0 followed by 50 mol rrT3 K-phosphate buffer
for 30 min. The samples were then processed for electrón
microscopy and finally embedded in Araldite (Durcupan ACM).
Ultra-thin sections were cut with a diamond knife fitted to
a Reichert ultramicrotome, post-stained with lead citrate
(Reynolds, 1963) and examined with a Philips 300 electrón
microscope at 80 kV.
Morphometric parameters were measured using an Image
Analyser (Kontron MOP Videoplan).
Leghaemoglobin localization
Unfixed sections in OsO4 were collected on uncoated
nickelgrids. Lb localization was achieved as described in Vivo,
Andreu, de la Viña, and de Felipe (1989). The goal anti-rabbit
IgG-Au used was 15 nm diameter colloidal gold (Janssen, Life
Sci.).
RESULTS
Peroxisome ultrastructure in Lupinus nodule
Peroxisomes are fairly scarce in the nodules of plants
which transport fixed nitrogen in the form of amides
(Vaughn, Duke, and Henson, 1982). In fact this was the
authors' impression when initiating the structural study
of Lupinus nodules. By applying the DAB reaction,
however, we were able to observe up to 16 peroxisomes
in an infected cell and to determine their morphometric
characteristics and distribution.
Morphological characteristics'. The peroxisomes
observed (Table 1) present average diameters of 0-35 ju.m
(máximum) and 0-18 </tn (minimum). Their shapes can
be round, egg-shaped or, as occurred in a few cases,
triangular. They do not show any paracrystalline inclu-
sions ñor any detectable fibrillar contení.
Distribution: The peroxisomes are preferentially located
TABLE 1. Morphometric parameters of infected cell peroxisomes
in nodules of control plants of Lupinus albus L. cv. Multolupa
Área
Perimeter
Máximum diameter
Minimum diameter
0-09 + 0-03
1-07 + 0-23
0-35 + 0-09
0-18 + 0-05
^on the periphery of the infected cells. This may be due
to the displacement undergone by the organelles of these
cells as a consequence of the considerable mass of bacter-
oids in the cell centre. They are often located in the
vicinity of rough endoplasmic reticulum (RER) or even
in cióse association with it (Píate 1A). Occasionally
groupings of two or three peroxisomes can be observed.
Catalase localization in Lupinus albus L. cv. Multolupa
nodules
The peroxisomes of the infected cells showed a positive
reaction to DAB with intense blackening of the inside of
the organelles (Plates IB, C). In the bacteroids the appear-
ance of small osmiophilic precipitates was noted at differ-
ent sites, probably due to catalase activity (Píate ID).
Likewise, ribosome darkening was observed, both in ER-
association and in the cytosol.
CW:
PLATE. 1. Electron micrographs of Lupinus albus L. cv. Multolupa
plañís grown without nitrate (controls). (A) Infected cell from a 45-d-
old root nodule. The single peroxisomal membrane can be easily
observed. Rough endoplasmic reticulum is closely associated to the
peroxisome. x 88 500. Bar = 0-1 ¡im. (B) Infected cell from a 50-d-old
root nodule after performing the DAB technique. The two peroxisomes
show intense darkening. The reaction product is evenly distributed
throughout the peroxisomal matrix. x 88 500. Bar = 0-1 ¡j.m. (C) Infected
cell from a 50-d-old nodule showing DAB-marked peroxisomes and
bacteroids. x 46 500. Bar = 0-5 ^m. (D) Infected cell from a 50-d-old
nodule. Bacteroids show a small osmiophilic precipítate (arrows) which
could be related to catalase activity. x 72 500. Bar = 0-5 /¿m. Key to
lettering: B, bacteroid; CW, cell wall; M, mitochondria; P, peroxisome;
PBS, peribacteroidal space; RER, rough endoplasmic reticulum.
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Regarding the controls used to inhibit enzyme activity,
H2O2 exclusión from the incubation médium did not
entail a significant reduction of the reaction. The use of
10 mol m~ 3 KCN, however, led to a considerable reaction
loss in all structures. AT did not achieve complete catalase
inhibition, as reaction residues were observed in the
peroxisomes (not shown).
Combined nitrogen effect
Effect on ultrastructure and nitrogenase activity: The
application of combined nitrogen (20 mol m~ 3 ) to nodu-
lated plants gave rise to a general structural degradation
of the nodule, causing tissue alterations in the cytoplasm
as well as in the bacteroids. Application of the 20 mol
m ~ 3 dose for 10 d caused the peribacteroidal spaces to
become wider and the peribacteroidal membranes to
become sinuous. These membranes are also broken at
certain sites. The bacteroids adopt irregular shapes within
the peribacteroidal spaces and eventually come to consist
solely of their membranes. With regard to the effect on
the cytoplasm, intense vesiculation was observed with the
consequential diminishing of the subcellular organelles.
A few exceptional peroxisomes were found, but with
altered structure and ruptured membranes.
The effect of nitrate on nitrogenase activity can be seen
in Table 2. The enzyme inhibition rate amounts to 31-6%
and 69-7% 5d and 10 d after NO^ administration,
respectively. The drop in nitrogenase activity in control
plants is due to nodule age, since máximum activity was
achieved with 40-d-old nodules (24-7 /¿mol C2H4 h ' g ~ '
nodule fresh weight), and then declined.
Effect on catalase and peroxidase localization'. With
respect to catalase localization, an almost total disappear-
ance of the DAB reaction was observed in the peroxisomes
in nitrate-treated plants. These peroxisomes showed only
slight darkening, ruptured membranes and diffuse con-
tours (Píate 2A, B). In the bacteroids the DAB reaction
was evident by the presence of a small black precipitate
on the cytosol, with no remarkable difference being
noticed when compared with control plants.
TABLE 2. Effect of nitrate (20 mol m~3) on nitrogenase activity
and shoot fresh weight in plants oj'Lupinus albus L. cv. Multolupa
Valúes of the Acetylene Reduction Assay (ARA) are expressed as ^mol
C2H4 h"1 g"1 nodule fresh weight. Valúes of shoot fresh weight are
given in g. Each valué is the mean + s.d. of 12 plants.
Days of treatment
with 20 mol m"3 NOJ
5d l O d
ARA Control plants
NOf grown plants
Inhibition of nitrogenase %
Shoot fresh
weight
Control plants
NO^" -grown plants
16-5 + 6-3
I O - 7 ± l - 5
31-6
17-1+3-8
18-2+1-4
5-3 + 2-8
1-6 + 0-3
69-7
23-4 + 5-5
20-2 ±2-8
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PLATE. 2. Effect of nitrate (20 mol m 3) on peroxisome ultrastructure,
catalase activity, and leghaemoglobin localization in Lupinus albus L.
cv. Multolupa root nodules. (A) Electron micrograph of an infected
cell from a 45-d-old nodule after employment of the DAB technique.
The plant was exposed to nitrate for 5 d. The peroxisomal membrane
is lost at certain sites but the peroxisome shape is fairly regular. The
darkening is not as intense as in control plañís. There is a more intense
reaction in the centre of the organelle. x 88 500. Bar = 0-1 /¿m. (B)
Electron micrograph of an infected cell from a 50-d-old nodule. After
10 d of exposure to nitrate, there is only a slight ring-shaped reaction
and the peroxisomal membrane is lost. Bacteroids also show some small
osmiophilic precipitates. Peribacteroidal membranes are damaged or
lost. x 88 500. Bar = 0-l ^m. (C) Immunogold localization of leghaemo-
globin in a 50-d-old nodule from a control plant. x 32 000. Bar = 0-5
)im. (D) Immunogold localization of leghaemoglobin in a 50-d-old
nodule after 10 d of exposure to nitrate. x 42 000. Bar = 0-5 /u.m. (E)
Electron micrograph showing the appearance of some infected cells and
leghaemoglobin localization after 10 d of exposure to nitrate. x 65 000.
Bar = 0-5 /¿m.
An increase in blackening of the cytosol of the infected
cells was observed following the DAB reaction. This
could be related to peroxidase activity present in the
cytosol of nodular cells, or else to residual catalase or
pseudo-peroxidase activity of catalase resulting from the
rupture of peroxisomal membranes.
Effect on the immunocytochemical location of leghaemo-
globin: Lb localization in the infected cells of nodules
grown with 20 mol m ~ 3 NOJ followed the same localiza-
tion model as in the control plants, and proved especially
relevant in the cytosol of the infected cells (Píate 2C, D).
The label was, however, much less dense. Density was
determined by counting the number of particles per /u,m2
and yielded a ratio of 9:2 for controls and 20 mol m 3
NO3 after 10 d of plant growth in KNO3.
Leghaemoglobin localization remains in the cytosolic
áreas even in cells showing a highly advanced stage of
senescence (Píate 2E).
DISCUSSION
Structural and cytochemical studies of nodular cell peroxi-
somes determining their enzyme activities have been con-
ducted by several authors on soybean plants (Newcomb
et a/., 19856; Vaughn, 1985; Vaughn and Stegink, 1987).
In soybean nodules peroxisomes play an important role,
as they constitute the site where ureide metabolism takes
place prior to its transfer to the aerial part.
In lupin plants, the fixed nitrogen is transported in the
form of amides, essentially as asparagine (Bergersen,
1982), which may suggest that in these nodules the
peroxisomes do not play such an essential role as in
soybean type nodules.
The cytochemical study with DAB in nodular Lupinus
infected cells (these nodules lack interstitial cells) has
demonstrated the relatively abundant existence of peroxi-
somes. The size of these peroxisomes (0-18-0-35 /ntn 0)
is smaller than that found for interstitial cell peroxisomes
in soybean plants, but larger than the diameters recorded
for microbodies on soybean nodule infected cells (New-
comb et al., 19856). These latter peroxisomes yield a weak
catalase reaction, as well as a weak reaction for cytochem-
ical uricase determination, when carried out using an
indirect method which requires consecutive enzyme action
of uricase and catalase. Since these microbodies do present
uricase activity when the cerium method is applied, a
minimal catalase activity can be expected (Kaneko and
Newcomb, 1987). It is in the large specialized peroxisomes
in the interstitial cells where the major uricase activity
takes place (Hanks, Tolbert, and Schubert., 1981; Hanks
et al., 1983) and henee they require a protection device
against the H2O2 which is generated in the transformaron
of uric acid into allantoin. This implies that the large
peroxisomes in uninfected cells of soybean nodules
enhanced catalase activity, as compared to that of the
diminutive microbodies in the infected cells.
The intense catalase reaction obtained in peroxisomes
of infected Lupinus nodule cell characterizes these organ-
elles as the main site of nodular catalase activity. This
fact, together with the small peroxisome size and their
uniform appearance, as well as the amorphous matrix,
suggest that they are non-specialized peroxisomes and
their most likely function is H2O2 detoxification.
Goldman and Blobel (1978) state that catalase, as with
other peroxisomal enzymes, is synthesized in the cytosol-
free polysomes and post-transcriptionally transported
within the peroxisome. We are able to observe deposits
of the reaction product on ribosomes in the cytosol, as
well as on RER-associated ribosomes.
With respect to the existence of catalase activity in the
bacteroids, some authors have detected its presence in
white clover and soybean bacteroids (Francis and Alex-
ander, 1972) as well as in alfalfa (Becana et al, 1988). In
our study we obtained small osmiophilic precipitates in
the cytosol of the bacteroids which can be assumed to
relate to catalase activity.
The effect of combined nitrogen
It is a well-known fact that combined nitrogen applica-
tion in legumes with effective and firmly established
nodulation entails a drop in nitrogenase activity. The
causes underlying this inhibition of the N-fixation mech-
anism have not yet been satisfactorily clarified, although
it seems to be generally accepted that in the initial stages
of NO^ exposure, the drop in nitrogenase may be due
to the energy déficit suffered by the bacteroids when the
O2 diffusion barrier of the nodule is increased (Becana
and Sprent, 1987).
With longer exposure times and/or higher NO^concen-
trations, nitrate eventually penetrales the infected zone
of the nodule, where it is reduced to NO^ by the nitrate
reductases of the plant (EC. 1.6.6.1) and the bacteroid
(EC. 1.7.99.4).
Nitrite combines reversibly with ferro-Lb and oxidizes
it to ferri-Lb, a form unable to carry O2. In addition,
oxygenated ferro-Lb (O2-Lb) is highly sensitive to self-
oxidation, and this process results in the reléase of
superoxide radical (O^). Nodular superoxide dismutase
would act upon O^, rendering H2O2 and O2. Catalase
protects nodule tissues because: (i): H2O2 can oxidize
ferro-Lb, and (ii) H2O2 can combine with O^ to form
the highly oxidant HO.
Becana et al. (1988) found that application of 20 mol
irT3 NO^ to nodulated alfalfa plants led to a 20%
decrease in catalase activity in the cytosol, whereas in the
bacteroids catalase activity remained practically constant.
This result appears to be consistent with our own cyto-
chemical findings, since we observed a catalase activity
decrease in the peroxisomes of plants treated with nitrate
(20 mol m~3).
In addition, all nodular components in the infected
cells showed nitrate-induced morphological deterioration,
and this fact was even clearer in the case of peroxisomes.
This damage could be due to impairment of the nodule
defence mechanisms against toxic species, triggering accel-
erated senescence of the nodular tissue (Pladys, Van de
Sype, Gleyzal, and Rigaud, 1989).
The drop in catalase localization ran parallel to a
considerable loss of '/« sitii Lb localization. The former
implies a lower level of defences in nodule tissues, and
the latter implies that bacteroid respiration is hindered.
These two points, together with the observed drop in
nitrogenase activity, bring us to conclude that nitrate
feeding has initiated a senescence process.
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